ABSTRACT: In this work, we present systematic studies on how an illuminating electron beam which ionizes molecular gas species can influence the mechanism of carbon nanotube oxidation in an environmental transmission electron microscope (ETEM). We found that preferential attack of the nanotube tips is much more prevalent than for oxidation in a molecular gas environment. We establish the cumulative electron doses required to damage carbon nanotubes from 80 keV electron beam irradiation in gas versus in high vacuum. Our results provide guidelines for the electron doses required to study carbon nanotubes within or without a gas environment, to determine or ameliorate the influence of the imaging electron beam. This work has important implications for in situ studies as well as for the oxidation of carbon nanotubes in an ionizing environment such as that occurring during field emission.
O ne of the major applications of carbon nanotubes (CNTs) 1 is for field-emission sources 2−4 in image displays, 5−8 high-intensity X-ray tubes 9−11 for medical applications, 12−14 and electron sources for electron microscopes. 15−17 CNTs have large length-to-diameter aspect ratios, which are useful for achieving high local emission fields. Furthermore, they also have excellent structural properties, high electrical and thermal conductivities, and lower fabrication costs and emission threshold fields compared to other emitter materials. 18−21 Carbon-nanotube-based field emission sources are housed in vacuum chambers with a base pressure of ∼10 −7 mbar or better. 12,22−24 It is known that the field emission current significantly reduces under nonideal vacuum conditions. For example, Bonard and co-workers 25 found that the emission performance of multiwalled nanotube films was directly related to the chamber pressure. Dean and co-workers 23 studied the effect of high partial pressures of different gases on the field emission characteristics of nanotubes and showed that nanotube emitter currents decreased rapidly when they were exposed to an oxygen environment. These latter authors have hypothesized that degradation comes about from ion bombardment or etching of the nanotubes as induced through ionization of the surrounding gas by the field-emission current. Other studies of carbon nanotubes in an oxygen environment, not in situ, suggested that the nanotubes are consumed first at the hemispherical cap at their ends and subsequently by the removal of graphitic planes along the lengths of the tubes. 26, 27 The transmission electron microscope (TEM) is an indispensable tool for characterizing the structure of CNTs owing to its subnanometer spatial resolution. In situ TEM, which enables real time observations of material reactions at atomic level, clearly provides direct information not available by other techniques. 28 There is both a wide range of in situ experiments, from heating 29 and cooling 30 to mechanical deformation 31 and electrical biasing, 32 but the biggest new contribution is in the control of the specimen environment, be it liquid or gas [refs 33−37 and their references therein]. Environmental TEM (ETEM), which allows gases to be introduced into the otherwise high vacuum of a TEM, is emerging as a powerful technique to study the structural changes in nanomaterials in gaseous environments. 37−40 In a recent investigation of carbon nanotube oxidation in an ETEM, with the imaging electron beam blanked during O 2 exposure, we showed that the molecular oxidation of individual carbon nanotubes under mild oxidation conditions (1.5 mbar) and elevated temperatures (up to 520°C) occurred layer by layer, starting with the outermost wall. 41 In contrast to what had previously been reported, 26, 27 we found that the tube cap was not preferentially prone to oxidation. 41, 42 Recently, Liu and coworkers studied the chiral dependent reactivity of individual carbon nanotubes using ex situ oxidation in air at elevated temperatures and found partial destruction in the nanotube side walls, 43 a finding similar to our study. Our first experiments were designed to be quasi-in-situ, performed in the absence of an imaging electron beam and therefore any gaseous ionization it may cause, and structural changes in carbon nanotubes were documented after they have interacted with molecular gas species which had then been purged from the chamber. 41 In situ observations using a TEM require an illuminating electron beam on the specimen. It is implicit that when carbon nanotubes field emit in less stringent vacuum conditions, any neighboring gas species are likely to be ionized as well. The topic of ionization in gases due to electron impact was first extensively studied from the 1930s to 1960s owing to significant potential applications in plasma physics and vacuum technology. 44−48 These experiments were typically performed using an electron beam of energy of up to ∼1000 eV 47, 48 placed perpendicular to an ionization tube in which gas particles (atoms and molecules) were accelerated. With the discovery of carbon nanotubes and the exciting potential applications that it has brought about, irradiation effects in carbon nanotubes due to electrons and ions 49−51 are also being widely researched. However, none of the studies to-date has focused on the influence of gas ionization from the electron beam on solid−gas reaction studies in an ETEM. In addition to the beam damage that may be observed in conventional (high-vacuum) TEM, ionization of gas molecules as a result of the interaction between fast electrons and gas also leads to increased reactivity. 52 To understand the effects of ionized gas molecules near the carbon nanotubes and to simulate the more highly ionized environment, which is expected during field emission conditions, we have repeated our observations in the presence of the imaging beam. This also provides the opportunity to record the events at the atomic level in situ as they occur and to systematically and quantitatively study the influence of the imaging electron beam in gas−solid reactions. It will be seen that the behavior is quite different from that in molecular oxygen.
The CNTs investigated in this work were multiwalled carbon nanotubes (MWNT) synthesized using the arc-discharge method. 53 Previous studies have shown that they have between 4 and 34 walls, with outer diameters between 6 and 31 nm, and are highly resistant to mild oxidation at elevated temperatures. 41 All experiments were carried out at room temperature using a FEI 80−300 kV environmental TEM (FEI Company) equipped with a spherical aberration (Cs) corrector in the image-forming (objective) lens and a monochromator. An accelerating voltage of 80 kV, which is thought to be below the threshold energy for knock-on damage for carbon, 54 was used. The Cs image corrector was adjusted to a Cs value close to 0 μm, and all images were acquired at slightly underfocus conditions. TEM images were acquired using an Ultrascan 1000 XP CCD camera at binning two setting (1024 × 1024 pixels). During the TEM image acquisition, the corresponding electron dose flux (measured in units of number of electrons per square angstrom per second, e − /Å 2 ·s) was also recorded. This parameter had been calibrated for the instrument using an analytical TEM holder with a Faraday cup. For gas ionization effects due to the electron beam, oxygen gas and nitrogen gas of research grade 6.0 (99.9999%) purity (Praxair Inc.) were used. The gas pressure was adjusted to between 0.5 mbar and 1.0 mbar for the experiments, and the actual pressure in the microscope chamber was monitored using an Edwards Barocell 600 capacitance manometer with which the microscope is equipped. Continuous recording at 20 frames per second frame speed was achieved using CamStudio software. Frames were extracted and analyzed using VirtualDub. Electron energy loss spectra (EELS) were taken in TEM diffraction mode using a Quantum 966 Gatan Imaging Filter (GIF). The convergence and collection semiangles were 7.4 and 11.9 mrad, respectively. A dispersion of 0.25 eV/pixel and an acquisition time of 0.2 s per spectrum were used for the EELS collection.
When molecular gas species are exposed to the electron beam during an ETEM experiment, ions of the gaseous species can form by electron displacement due to the collision and or charge transfer from the incident electron beam to the gas molecules. Collision between the oxygen particles (neutral and charged) and carbon atoms can lead to displacement or removal of C atoms. Figures 1 and 2 show the most commonly observed phenomena in the present study, neither of which occurred without the imaging beam. 41 The images in Figure 1 were extracted from a video clip (Supporting Information Video S1) which was recorded when a multiwalled carbon nanotube was illuminated under the electron beam with 0.7 mbar O 2 in the environmental cell at room temperature, using an electron dose flux of 640 e − /Å 2 ·s. After the nanotube had been exposed to the beam and gas for 23 s, its tip started to degrade, as observed by the region indicated by the blue box in the figure. After 46 s (Figure 1c ), the cap was fully open, as a result of C atoms being oxidized or etched away. One of its side walls was also damaged within the duration of this recording, indicated by the red arrow in Figures 1e−f. On the basis of the images that show the removal of a hemispherical cap, we estimated the rate of oxygen ionization at room temperature to be ∼50 carbon atoms/second.
After the tube cap opened, the inner walls became more susceptible to oxidation due to higher curvature, as seen in Figure 1f −j. Within 4 min (240 s) of oxygen exposure under an illuminated electron beam, the nanotube had lost its tip and part of its side-and inner-walls. This increased reactivity is clearly the result of gas ionization arising from interaction between the electron beam and oxygen, as carbon and oxygen are known not to react with each other at room temperature. In molecular oxidation studies carried out with the electron beam blanked, there is no evident oxidation of the arc discharge CNTs at room temperature. 41 An additional outcome in which the ionized gas reacts with the specimen is elucidated in Figure 2 , which shows another MWNT that had been exposed to 0.7 mbar O 2 . It appeared that the combination of electron beam irradiation and oxygen particles partially removed the outermost graphitic layer of the nanotube by amorphizing it, as indicated by the blue arrow in Figure 2a . Several seconds later, part of the outermost two layers were destroyed, resulting in the formation of stepped edges in the nanotube Figure 2b . Panels c−g show that a similar process occurs on the other side of the same nanotube, which eventually led to the removal of the side wall. The rate of removal of carbon atoms from the side wall ionization was calculated to be about 45 atoms/second. The results presented in Figures 1 and 2 are representative of those made additionally on other nanotubes. We repeated the experiment using nitrogen gas and under similar electron dose flux. N 2 has a similar mass to oxygen, is inert, and should not react with carbon. However, we found that the nanotubes were also affected in a similar manner when they were exposed to N 2 in the presence of an electron beam (Figure 3 ), including both side wall amorphization as in Figure 3 and tube cap opening (Supporting Information Figure S1 ), with C atoms being etched away at about the same rate as that in oxygen. In contrast, the rate of molecular oxidation based on our previous work 41 was found to be about 10 carbon atoms/min (or 0.16 atom/second) at 300°C. We attribute this behavior to gas ionization from the electron beam as well as momentum transfer from the gas and ion species to the nanotubes. Zhu and co-workers had previously reported that the bombardment of MWNTs using 3 keV Ar ions resulted in the appearance of carbon dangling bonds and a gradual amorphization of the carbon network during ion irradiation. 55 In the gas environment of an ETEM, the ionization of the molecular gas species by the electron beam can also give rise to characteristic electron energy loss (EEL) spectra corresponding to the ionization energies of the gas atoms, as shown in our Figure 2 . Side wall damage to a carbon nanotube from electron beam exposure in 0.7 mbar O 2 at room temperature. The blue arrow in (a) and the red arrows in (c) to (h) suggest that the ionized gas first attacks the carbon nanotube side wall by an amorphization process and leads to the removal of the side walls over time.
earlier work. 41 EELS in the ETEM has been used to measure the composition of gases (including H 2 ) inside a TEM environmental cell to an accuracy of about 15%. 56 More recently, EELS has been employed to detect and quantify catalytic products directly inside the environmental cell of the TEM. 57 In an oxygen molecule, the electron impact process can lead to the formation of a positive ion which is described by the equation: e + O 2 → O 2 + + 2e. 45, 46 Negative ions can also be formed in collisions with molecules in two-body collisions at low pressures by dissociative attachment and ion pair formation. 48 Due to the high energy and velocity of the incident electron beam in our experiments, we believe it is more likely for the source electron to displace another electron from the gaseous species, leading to a positively charged ionized gas.
We also utilized TEM-EELS to gain insight into the damage mechanism of carbon nanotubes by ionized oxygen. This was achieved by condensing the size of the electron beam onto a closed end of a nanotube which is about 30 nm in diameter, and monitoring the changes in its carbon K ionization edge over time. In core loss EELS, the ionization energy provides elemental information on the atoms present in the sample, and the spectrum shape can be considered to be a "fingerprint" of the material. Spectra I to V in Figure 4a show the background subtracted C K EEL spectra of a CNT acquired during this process. The time interval between each of these five spectra is estimated to be about 15 s. In each of the spectra, the O K edge at ∼530 eV arising from the oxygen gas is clearly evident. The nanotube was gradually destroyed as it was exposed to oxygen, leading to a decrease in the total carbon K signal. We attempted to quantify the change in the π* and σ* carbon ratio, by applying a 3 eV integration window over the π* (284.5−287.5 eV) and σ* (291.5−294.5 eV) peaks, and taking the ratio of the integrated electron counts. We found this value to be fairly consistent during the course of the data acquisition The inset of Figure 4a shows background-subtracted spectra I to IV and an undamaged nanotube in the energy range of 285 to 300 eV, where additional broad peaks centered around 289− 290 eV (marked with *) are observed in spectra I to IV. Braun and co-workers used EELS and near edge X-ray absorption fine structure spectroscopy (NEXAFS) to study soot and had assigned energy losses of carboxyl (COOH), carbonyl (C O), and CO 2 (or carbonate in general) groups at 288.4 eV, 289.2, and 290.1 eV, respectively. 57 Crozier and workers had previously utilized EELS in the ETEM to quantify catalytic products and had attributed the 289 eV peak to the C π* peak from CO 2 . 58 Because these energies of the carbonyl and carbonate groups are similar to our observations, we hypothesize that they may likely have come from dangling bonds from the broken CNT edges and tips after oxidation, or from CO 2 product species. However, because EELS is generally thought to be a lesser energy resolution technique compared to NEXAFS, the exact nature of the group(s) remains to be determined.
A comparison of the C K EEL spectra from an undamaged CNT, a CNT that has been attacked by oxygen and from amorphous carbon (taken from the support film of the TEM grid) is presented in Figure 4b . We noted that the ∼289 eV feature is clearly present only in the O 2 -reacted CNT. The EEL spectrum of the etched CNT indicates amorphization in the sp 3 carbon state in the 295−320 eV range, which is consistent with the high resolution image appearance such as those presented in Figure 2 .
Damage in carbon nanotubes can also result from knock-on damage from the incident electron beam. Even though an incident electron beam energy of 80 kV, which is thought to be below the 86 kV threshold for knock-on damage, 54 was utilized in our study, several groups had reported that this threshold energy can be reduced if there are contaminants or defects in the carbon nanotubes. 59, 60 Nanotube diameters as well as their chirality are thought to play a role as well. 60, 61 As a control experiment, we also subjected MWNTs to continuous electron irradiation under high vacuum conditions (∼1 × 10 −7 mbar pressure), and an image was recorded every minute. Figure 5 shows the structural change in a carbon nanotube acquired under high vacuum conditions over time, using an electron dose flux of 694 e − /Å 2 ·s, which was similar to the gas ionization experiments presented. After about 18 min of electron irradiation, part of the outermost wall of the nanotube was removed (Figure 5d ). Subsequently, its neighboring walls at the tube cap were also removed, as shown in the image in Figure   5e , which was acquired after 26 min of electron beam exposure. It should be noted that such exposure times are quite long for normal TEM imaging of CNTs, which remain undamaged during conventional characterization experiments.
There is a growing trend of in situ environmental studies. 28, 37 Despite the increasing significance in this field, very little attention has been paid to the influence of gas ionization from the electron beam on solid−gas reaction studies in an ETEM. In addition to the beam damage that may be observed in conventional (high-vacuum) TEM, ionization of gas molecules as a result of the interaction between fast electrons and gas leads to increased reactivity. 52 It is therefore very important to evaluate the results to determine or to ameliorate the influence of the imaging electron beam. There are only a few groups (including ourselves) who recognize the importance and influence of the electron beam in gas experiments and who have proceeded to design and execute gas experiments by taking into consideration the effect of electron dose rate, 62−64 total electron dose, 63 and performing beam-blanking studies. 41, 65 In the present work, we quantified the influence of the electron beam on carbon nanotube damage at different pressures in the ETEM column by plotting the cumulative electron dose (expressed in units of number of electrons per square angstrom) versus pressure, for the nanotubes that were investigated in this study (14 data sets in ETEM, and 11 data sets in high vacuum). This is shown in Figure 6 . There is a 2-orders-of-magnitude difference in the cumulative electron dose to cause onset of visible damage to the carbon nanotubes at room temperature arising from gas pressure of up to 1 mbar (1.3 × 10 4 e − /Å 2 median cumulative electron dose) compared to continuous electron beam irradiation in high vacuum (1.2 × 10 6 e − /Å 2 median cumulative electron dose). On the basis of our findings, we determined the lower limit threshold cumulative electron dose for damage from electron beam irradiation in high vacuum (5.1 × 10 5 e − /Å 2 ) and from gas ionization (6.2 × 10 3 e − /Å 2 ). A lower cumulative dose at the This work shows that the behavior of carbon nanotubes in an oxygen environment of about 1 mbar is quite different when an imaging electron beam in an ETEM is illuminating the area of interest compared to when the beam is blanked. Thus, the CNT caps are preferentially removed as well as parts of the outer side walls, and local carbon amorphization can take place as well, at room temperature. When no imaging beam is used, with similar gas pressures, temperatures about 300°C are required to oxidize the CNTs and the tube caps are not seen to be preferentially etched ( Figure 7 , and also 41, 42 ).
Our interpretation of these observations focuses on the presence of ionized oxygen species (most likely O 2 + ) created by the electron beam, as demonstrated, for instance, by the oxygen ionization energy loss in EELS data. The CNTs are electrically grounded by their contact with the TEM specimen holder. Thus, the oxygen ions will be attracted to the CNTs by image forces and their average path will follow the effective electric field lines to the nanotubes. This is the reverse situation from that of field emission or field ionization whereby the charged species travel away from a negatively biased sharp emitter for the former or a positively charged tip for the latter (e.g., ref 66) . It is well known that in the latter situations that the electrons or ions depart close to radially and that the electric field, being proportional to the applied voltage divided by the local tip radius, is highest at the points of highest curvature of the tip, which has been recently confirmed by electron holography. 67 Moreover, here, the ions would be attracted over a large solid angle at the approximately hemispherical cap, again the reverse of the field ionization process. Field-ion images, for instance, typically cover an angle of more than 120°, 66 showing that the high electric field emanates from an angular range of (4/3)π steradians or more.
In our situation, the highest image field and the point of convergence clearly occur at the nanotube tip, and so damage by the incoming ion current would be expected to be highest there. This is shown in Figure 1 and also in Supporting Information Figure S2 for an eight-walled nanotube, which is the thinnest tube that we studied in these experiments and which has a relatively small radius of curvature. It can be seen in the latter that the damage clearly occurs most severely at the tip. The challenge in studying thinner tubes is that they tend to vibrate more under the electron beam and are less stable, especially after material has been removed during the initial stages of ionization. There is also an enhanced field along the nanotube shank, owing to its own curvature, and so ion attack is also seen in this location. This is further supported by the observation of CNT damage created in a nitrogen environment under the electron beam: the ionized nitrogen species would damage the nanotubes in the same way, whereas carbon is inert to reaction with molecular nitrogen. On the other hand, for molecular oxygen that is present in the ETEM when the imaging beam is prevented from reaching the specimen chamber, there is no preferential attraction to the nanotube cap. As the area exposed to the gas by the side walls is so much larger than the area of the cap (increasing linearly with the length of the nanotube) it is then more likely that oxidation is seen more commonly there than at the cap itself. It has been suggested that the curved nature of the cap leading to the presence of pentagonal carbon atom rings, as in fullerenes, gives rise to a lower stability to oxidation, 27 but in our observations, the much larger surface area of the side walls seems to be dominant. It is interesting that fewer wall nanotubes, and inside walls of broken nanotubes, are oxidized more rapidly than larger diameter multiwall nanotubes, 41 and this likely also arises from the bond distortion associated with the small radius of curvature of those fully hexagonal, sp 2 -bonded graphene layers. These results are clearly important to the strategy of studying solid−gas interactions in situ in an ETEM. We have chosen to obtain information on the natural behavior upon heating in a molecular gas environment by blanking the electron beam while the gas species is present in the specimen chamber and taking sequential images with no gas present. However, the demonstration that there is a threshold level for damage under the electron beam shows that it may be possible to record images under low dose conditions (e.g., using a defocused imaging beam) and with fast acquisition speeds that are possible with the new generation of direct electron detection cameras. 68, 69 This approach may allow investigation of the natural behavior as well but as with all in situ TEM experiments the results need to be checked against those where the electron beam cannot influence the results. On the other hand, the observations of the behavior in an ionized gas environment have their own importance. For instance, the high electron current created by field emitting CNTs will also ionize any gaseous species locally which will then be attracted to the field emitter tip by the enhanced field associated with the applied negative voltage at a highly curved surface. This might well lead to opening up of the cap tip as shown in Figure 1 , which will further influence the field emission process. Indeed, it has been suggested 4 that such a phenomenon is responsible for increased field emission current for CNTs in a nonoptimal vacuum environment, which is consistent with the experimental observations that we have made here. Of course, the direct observation of field emitting CNTs in a gaseous environment is required to determine the exact behavior, but the insight gained in the present work is relevant to understanding the possible reactions involved.
In the gas environment in the ETEM, gas ionization from the imaging electron beam can influence carbon nanotube oxidation by rapidly displacing and amorphizing carbon atoms at both caps and sidewalls at room temperature. The ionization process and damage mechanism are independent of the gas reactivity to carbon, occurring for both oxygen and nitrogen. With a high enough cumulative electron dose, carbon nanotubes can also be damaged by continuous electron beam irradiation in a high vacuum setting. Our findings show that there is a 2 orders of magnitude difference in cumulative electron dose to damage carbon nanotubes in high vacuum and in a gas environment up to 1 mbar pressure. By understanding the influence of the imaging electron beam in a gas environment and determining the threshold level for damage, we anticipate that experimental conditions that delineate its influence can be established, which will enable us to study the CNT field emission process in situ in an ETEM.
Materials and Methods. CNT synthesis and TEM specimen preparation: The CNTs used in this study were synthesized by an arc discharge method. 52 Holey carbon molybdenum TEM grids grids (300 mesh, 30 nm thick, Pacific Grid-Tech) were used for the ETEM experiments. For TEM specimen preparation, the nanotubes were suspended in ethyl alcohol. The vials were bath sonicated for about 10 min or until agglomerates broke up. Then the nanotube suspension was drop cast onto the TEM grids and wicked dry using filter paper. 
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